The study of parent-child anthropometric relationships and their evolution over time may help to better understand familial risk factors for childhood obesity. METHODS: In a population-based cohort of 124 nuclear families (Fleurbaix-Laventie Ville Santé Study (FLVS) I and II), various anthropometric parameters were measured in both parents and their children, first when the children were prepubescent and again at the end of puberty. Troncular adiposity repartition was estimated by calculating troncular to peripheral skinfolds ratio and waist-to-hip circumferences ratio. Birth and infancy heights and weights were also obtained from the children's health booklets. Parent-child correlations were estimated in infancy, before and at the end of the child's puberty. A prospective analysis was performed to predict the changes in the children's measurements over puberty according to their parents' corresponding baseline values. RESULTS: BMI and weight correlations at birth were high (40.30) with the mother and low (o0.10) with the father, then they converged to an intermediate level at 2 y and remained between 0.2 and 0.3 thereafter. Correlations for waist circumference were already present at the prepubertal period and persisted on the same level at the postpubertal period, whereas correlations for subcutaneous adiposity -measured by four skinfolds -and for adiposity distribution -measured by ratios -were higher at the postpubertal period. Moreover, the prospective approach showed that mother's BMI predicted the evolution of her children's BMI over puberty, whereas this relationship was observed more specifically with the father concerning adiposity distribution parameters. CONCLUSION: Maternal adiposity may act early in life on the adiposity of the child. Maternal and paternal adiposities seem to have quite distinct effects at two key periods of the child's adiposity development such as the prenatal and pubertal periods.
Introduction
Obesity in children is becoming a major stake for public health, first because of immediate school and psychosocial repercussions, 1 but above all because of its long-term consequences on adult morbidity. 2 Parental obesity has been identified as a predominant risk factor for childhood overweight and obesity. 3 Parents and children share both genes and familial environment. The heritability for BMI in children and adults has been established by a large number of studies to be around 40%. 4 The obesity epidemic of the last decades suggests, however, that environmental factors are strongly implicated in this phenomenon. The study of parent-child adiposity relationships and their evolution over time in childhood may help to better understand familial risk factors for childhood obesity. As Stunkard et al 5 previously underlined in a review of the literature, a relationship between mothers' and offsprings' weights is often found at birth and correlations vary within a narrow range (0.2-0.3). After birth, there are discordant conclusions whether a relationship exists before 3 y between parents' (fathers included) and offsprings' BMI. [5] [6] [7] [8] [9] [10] In a recent study reporting serial parent-offspring BMI correlations from birth to 8 y, it was shown that correlations between maternal and paternal BMI and their offsprings first emerged at the age of 7 y and were around 0.25 kg/m 2 . 10 BMI is the measurement generally used for familial correlations studies, whereas it is well established that, after puberty particularly, BMI measures relatively more lean mass than fat mass in boys compared with girls. 11 To our knowledge, only one study examined serial correlations between parents and children for various fatness measurements, including skinfolds thicknesses, from infancy to late adolescence, 12 but it concerned children who were born in the 1950s, before the current childhood obesity epidemic. It showed that motherchild correlations for fatness were generally higher than father-child correlations, and that mother-child correlations tended to increase with time up to mid-adolescence. Actually, little is known about the role of puberty in the evolution of the parent-child resemblance.
In this context, our purpose was to investigate crosssectional and prospective relationships between children's and parents' various adiposity measurements at selected periods: in infancy, before puberty and at the end of puberty.
Material and methods

Population
Fleurbaix and Laventie were two neighbouring towns in northern France with 2488 and 4426 inhabitants, respectively, in 1992, when the Fleurbaix-Laventie Ville Santé Study (FLVS) took place. The first part of the study, FLVS I, was a 5-y follow-up of children involved in a nutritional education programme at school. In both towns, in 1992-1993, all children from the last section of nursery school (from 5 to 6 y of age) to the last section of primary school (10 to 11 y of age) and their families were asked to participate. 13 From October 1992 to June 1993, 826 children aged 5-11 y from 579 families were examined in school by two school doctors. Their parents were examined once between 1992 and 1997 by their general practitioners. The second part, FLVS II, is an epidemiological study whose purpose was to explore the risk factors for weight gain and change in adiposity in children and adults. The FLVS II Study was proposed to every family who had participated in the FLVS I Study. Between April and September 1999, we recruited and examined 294 families (1113 subjects) among the 393 families still living in the two towns who could be contacted (ie 75%). All family members aged over 8 y were examined at home in 1999 and again 2 y later in 2001 (271 remaining families), by one of the seven study physicians. Written consent was obtained from parents in each study; the FLVS I Study was approved by the Ethical Committee of Lens (France) and the FLVS II Study was approved by the Ethical Committee of Lille (France). For this paper, the analysis was performed on children whose parents had both been examined during the FLVS I Study and at the second FLVS II examination in 2001. Among them, children who were prepubescent (Tanner stage ¼ 1) in 1992 and were at the end of puberty (Tanner stage ¼ 4 or 5) in 2001 were selected. We ended up with 124 families, comprising 77 girls and 90 boys. In all, 31 families had two children, and six families three children.
Measurements
Anthropometric data were collected by trained physicians (FLVS II). Weight was measured in light clothes to the nearest 0.1 kg, and height to the nearest cm. Waist and hip circumferences were measured to the nearest 0.5 cm. Waist circumference was defined as the smallest diameter between iliac crest and the last rib, and hip circumference as the largest diameter over the buttocks. Four skinfold thicknesses were measured to the nearest 0.1 mm, in triplicate in FLVS I and in duplicate in FLVS II, using Harpenden callipers, on the left side of the body: tricipital (posterior aspect of the arm, at midpoint between the acromion and the olecranon), bicipital (anterior aspect of the arm, at midpoint between the acromion and the olecranon), subscapular (1 cm below the inferior angle of the scapula), supra-iliac (1 cm over the iliac crest, at the midaxillary line). The average value of each measurement was used, and then the sum of skinfolds, the ratio of troncular (subscapular þ supra-iliac) to peripheral (triceps þ biceps) (TPR), the waist-to-hip (WHR) ratio and the body mass index (BMI ¼ weight in kg/height 2 in m 2 ) were calculated. Pubertal stage was determined according to the Tanner classification. The IOTF gender-and age-specific BMI cutoffs were used to define overweight and obesity in children.
14 In parents, overweight and obesity were defined as BMI Z25 and 30 kg/m 2 , respectively. Moreover, the child's health record booklet was reviewed and weight and height at birth, 9 months and 24 months were recorded for each child, when available (123 children, 65 boys and 58 girls).
Statistical analysis
Comparisons between the subjects selected or not selected for the analysis used t-tests for continuous traits, and w 2 or
Fisher's exact tests for qualitative data. The significance of the changes in measurements between baseline and followup was tested by paired t-tests for continuous traits.
Scheme for the analysis of familial associations. For the analysis, the participants were grouped as mothers, fathers and offsprings. First, correlations between spouses and between parents and offsprings were estimated cross-sectionally at the preand postpubertal periods of the children. Whenever available, the child's height, weight and BMI at birth and in infancy were also correlated with the corresponding parental parameters measured at their first examination in the FLVS I Study. In a second analysis, correlations between changes over time, between spouses and between parents and Parent-offspring relationships of adiposity throughout childhood B Heude et al offsprings were computed. Changes were assessed for parents and children by annual variation rates, that is, (Parameter T2ÀParameter T1)/(Age T2ÀAge T1). Finally, a prospective analysis aimed at predicting the changes in the children's adiposity measurements over puberty, by their parents' corresponding measurements at baseline.
Model for familial correlations. For the computation of correlations between spouses and between parents and offspring, we used the method of Donner and Koval, which consists in a multivariate analysis of familial data. 15 Adjustment for age was performed, by introducing regression terms in the model, specific for fathers, mothers, daughters and sons. Additional adjustment for height was performed for waist and hip circumferences. The hypothesis of equality of correlations was tested using the likelihood ratio test between nested models. The models testing different parent-offspring correlations for boys and girls were never significantly different from the models assuming the equality of correlations; therefore, the results are presented without making this distinction.
Model for the prospective analysis. For the prediction of the changes in children's adiposity measurements over puberty, a linear regression model was used to explain the child's follow-up variable by the corresponding baseline parental variable adjusted for the baseline child's value, as suggested by several authors. 16, 17 To control for effects of age (and height, for waist and hip circumferences), a linear regression on age (and height) was first performed for all variables, separately by gender; the residuals were transformed to standardized Z-scores for each group and were used as the variable of interest for the analysis. A random familial effect was introduced at the level of the intercept in the linear model, to take into account the remaining familial correlations between children.
In FLVS II, all members of the same family were examined by the same investigator; thus, analyses of the parameters measured in 2001 were also adjusted for the investigator in order to avoid overestimation of familial correlations.
For the familial correlation model, we used a programme developed in our laboratory, which used the GEMINI maximization procedure. 18 We used SAS software, version 8.2 (SAS Institute Inc., Cary, NC, USA), for all other statistical analyses.
Results
Descriptive characteristics
Children selected for the present analysis had a lower mean BMI (P ¼ 0.06) with a lower prevalence of obesity or overweight (P ¼ 0.04) than those unselected. There was no significant difference between mean characteristics of parents selected or not for the analysis (results not shown).
At baseline in 1992, selected children were aged between 5 and 13 y, mothers between 30 and 48 y and fathers between 32 and 51 y. In all, 6% of children were overweight at baseline and 9% over follow-up ( Table 1) . As expected, children presented a significant increase in all measurements, except for WHR in boys (P ¼ 0.76). In girls, the WHR decreased during this period, with hip circumference increasing relatively more than waist circumference (Po0.0001). Table 2 ). Mothers had a significant increase in all anthropometric measurements. In fathers, the increase in adiposity was essentially troncular (on average, þ 2.5 cm for waist circumference, Po0.0001, and þ 4 cm for troncular skinfolds, Po0.001), and peripheral skinfold thicknesses did not change over 9 y. Therefore, the mean value of the TPR increased in fathers (Po0.02) and did not change in mothers (P ¼ 0.99).
Intrafamily correlation study The evolution, from birth to the end of puberty, of the correlations between parental height, BMI and weight and their offspring's corresponding measurements is presented in Figure 1 . At each age, the resemblance in height between parents and children was the same for mothers or fathers. A strong correlation was established by the age of 2 y (resp. r ¼ 0.48, Po0.001; r ¼ 0.50, Po0.001) and remained stable thereafter. Correlation between mothers' and children's weight was high at birth (r ¼ 0.35, Po0.001), and decreased thereafter reaching r ¼ 0.19 (P ¼ 0.05) at 24 months. Correlation between fathers' and children's weight was low at birth (r ¼ 0.07, P ¼ 0.48), and increased thereafter. At birth, the difference between mother-child and father-child correlations for weight was significant (P ¼ 0.02). For BMI, correlations were stronger with mothers than with fathers at each age, but this difference was significant only at birth (P ¼ 0.02), when there was a strong correlation between mothers and children (r ¼ 0.34, Po0.001) and no correlation between fathers and children (r ¼ 0.04, P ¼ 0.65).
The cross-sectional correlation analysis at the child's prepubertal period for all measurements is presented in w,z P-value for significance of father-offspring and mother-offspring correlation as follows:
ns Non significant, *Po0.05, **Po0.01, ***Po0.001. @ The difference between mother or father correlation was significant, P ¼ 0.02. Parent-offspring relationships of adiposity throughout childhood B Heude et al parents and children (0.21, Po0.001). Among the anthropometric measurements, the child's troncular skinfolds and TPR showed weak correlations with those of their parents (resp. 0.14, P ¼ 0.009; 0.12, P ¼ 0.04). There was no significant correlation between parents' and offspring's WHRs (0.10, P ¼ 0.15). Correlations with mothers were not statistically different from those with fathers. Cross-sectional correlations at the end of puberty are presented in Table 4 . The patterns of correlations for BMI and waist circumference were similar to those at the prepubertal period. On the other hand, peripheral and troncular skinfolds measurements were more strongly correlated with those of their parents than at the prepubertal period (resp. 0.28, Po0.001; 0.26, Po0.001). For these parameters, correlations with mothers were higher than those with fathers, but the comparison did not reach statistical significance (P ¼ 0.13 for peripheral skinfolds and P ¼ 0.10 for troncular skinfolds). Correlations between fathers' and offspring's TPRs and WHRs were notably higher than at the prepubertal period (resp. 0.20, P ¼ 0.013; 0.28, P ¼ 0.001). The difference between motherchild and father-child correlations was at the limit of significance for WHR (P ¼ 0.05).
There was no significant correlation between the annual rates of change in the parents' and their offspring's measurements, except for BMI (r ¼ 0.14, P ¼ 0.027) ( Table 5) .
Prospective study
Mothers' and fathers' heights were positively associated with their children's height increase over puberty (resp. P ¼ 0.001, P ¼ 0.002) ( Table 6 ). Mothers' BMI, peripheral and troncular skinfolds at baseline were positively and significantly associated with the change in the children's corresponding measurements over puberty (resp. P ¼ 0.006, P ¼ 0.0008, P ¼ 0.007). The relationship for peripheral skinfolds was stronger in girls than in boys (P-value for interaction ¼ 0.056). Fathers' subcutaneous peripheral adiposity at baseline was also positively associated with the change in their children's corresponding parameters, and again, the relationship was stronger for girls but not significantly (P-value for interaction ¼ 0.30). Fathers' subcutaneous troncular adiposity was not significantly associated with the change in their children's corresponding measurements. There was a significant interaction with gender (P ¼ 0.035), showing an association with girls (P ¼ 0.062) but not with boys (P ¼ 0.53). Notably, fathers', but not mothers', TPR was significantly associated to the change in TPR of their Additionally adjusted for height. b Difference between mother-child and father-child correlations was at the limit of significance (P ¼ 0.05). Additionally adjusted for height. Table 6 Prospective effect of parental parameters on the changes of the corresponding parameter of their offspring from pre-to postpubescent periods (linear regression model of mother's or father's parameter on the child's parameter at follow-up, adjusted for the child's parameter at baseline, and on the physician at follow-up)
Mother-offspring Father-Offspring c,d Difference between boys and girls was significant or at the limit of significance 1. P ¼ 0.056 and 2. P ¼ 0.035, in the direction of a stronger association with girls.
Parent-offspring relationships of adiposity throughout childhood B Heude et al children during puberty (resp. b ¼ 0.26, P ¼ 0.0009; b ¼ 0.04, P ¼ 0.62). The same pattern was observed for WHR (resp. b ¼ 0.14, P ¼ 0.039; b ¼ 0.04, P ¼ 0.52).
Between-spouse correlations
At the first exam performed in parents, between 1992 and 1997, there were significant correlations between spouses for height (r ¼ 0.40, Po0.001), waist and hip circumferences (resp. 0.28, Po0.05; 0.18, Po0.05) and WHR (r ¼ 0.24, Po0.01) ( Table 3) . At the second exam, performed in 2001, correlations between spouses were similar to those of the first exam for height, BMI and waist circumference. Between-spouse correlations for troncular skinfolds and TPR were higher than at the first exam, but still not significant (Table 4) .
Significant between-spouse correlations of the rate of changes in the different variables between 1992-1997 and 2001 were found for BMI, waist circumference, troncular skinfold and TPR but not for peripheral skinfold variation (Table 5 ).
Discussion
The main results of this study were that parent-offspring correlations for global adiposity measurements were already present before the puberty period, whereas correlations for subcutaneous adiposity and fat distribution were higher at the end of puberty. Moreover, mothers' BMI and weight were specially associated with those of their children at birth.
Children selected for the analysis were less overweight and had a lower BMI than the others. Hence, our results are not explained by severe child obesity and apply to adiposity values commonly found in a general population. One limitation of this study is the relatively small number of subjects that may have limited our ability to detect differences between genders in children and between fathers' and mothers' correlations.
Parent-child correlations for height were similar between fathers and mothers at any time during childhood and adolescence. They were low at birth, increased and reached their maximum during the second year and remained stable thereafter. Several former studies had explored parent-child correlations for height at birth or in early infancy. 6, [19] [20] [21] Hewitt 20 found that parent-child correlations for height were, like in our study, around 0.40 at 2 y and remained stable until 5 y, whereas Ounsted et al 21 found that there was a gradual rise in correlations for height for both mothers and fathers between birth and 4 y. It is thought that parent-child resemblance in height is principally due to genetic factors. Even if results have to be interpreted with caution because of high measurement error for height at birth and early ages, our pattern of correlations during infancy suggests that the genetic effect is not fully expressed until the second year of life.
Several other studies have examined parent-offspring correlations in BMI at different periods of childhood, crosssectionally or longitudinally. 5, 6, 10, 22 Safer et al 10 examined
the correlation between BMI in parents and their biological offspring from birth to age 8 and found the emergence of statistically significant correlations at the age of 7 y -after the adiposity rebound -even if correlations with mothers' BMI seemed to appear sooner. Lake et al 22 assessed relationships between the adiposity of children and their parents from childhood to adulthood. They showed that mothersoffspring correlations in BMI reached their maximum when children were 11 y (rE0.23) and father-offspring correlations when children were 16 y (rE0.20). In our study, BMI correlations were high at birth with the mother, decreased in the first years, probably until school age and did not change much between before and after puberty. Correlations with the father, quite low at birth, reached substantial levels at school age and remained similar during puberty. In the same way, in their study, Stunkard et al 5 found that the relationship between the body weights of mothers and their offspring may be weaker during the first 2 y of life than it is at birth. We can hypothesize that the first years of life may then represent a transition period characterized by the decrease in the prenatal environmental influences and the emergence of the genetic and shared environmental parental influences. Adiposity measurements like BMI, height-adjusted waist and hip circumferences are complex phenotypes representing the amount of fat mass, lean mass and body build. Parent-child correlations for these parameters exist at the prepubertal period and do not change much with puberty. They may be due to a familial resemblance in lean mass as well as in fat mass. Indeed, results from Ferrari et al's 23 study suggested that familial resemblance for most bone traits is already present between daughters and their mothers before puberty. Moreover, Treuth et al 24 found that familial resemblance of parental obesity and leanness was clearly evident in daughters at prepubertal ages. Both regional fat tissue and fat-free tissue in the offspring at prepubertal ages were influenced by the body composition of the parents. Our results on the pre-and postpubertal periods suggest that familial factors affecting the development of subcutaneous adiposity and troncular adiposity strengthen during puberty, unlike those for the overall corpulence parameters. A literature review already underlined that there was a familial influence on the pattern of subcutaneous fat distribution in adulthood. 4 Our results suggest that these familial resemblances would be established only after puberty. Another longitudinal study examined parental influences on children's overall fatness and distribution of subcutaneous fat and showed that parent-child correlations for fat patterning components varied more with time than those for overall fatness. 12 Several phenomena could account for this pattern of correlations. First, a cumulative effect of a shared familial environment could strengthen the parent-child correlation Parent-offspring relationships of adiposity throughout childhood B Heude et al over time. Second, with puberty, additional genetic factors may be involved in hormone secretions related to subcutaneous adiposity development and then participate in these stronger parent-child correlations in post-than prepubertal period.
In our study, only change in children's BMI was correlated with the corresponding changes of their parents. Obviously, this is a very complex association because of the intrinsic growth of the child during puberty, which may be due to genetic or physiological factors; their effects may predominate over those of environmental factors shared in the family. However, this association with BMI can be underlined as well with the strong significant correlations between almost all spouses' adiposity parameters, and even between their respective evolutions over 9 y. Cross-sectional resemblances between spouses could be due to assortative mating phenomena, which involve genes and environmental factors indistinguishably. 25 However, longitudinal results suggest an important contribution of a common environment to the familial aggregation of fatness. Hunt et al 26 also showed that changes in BMI and adiposity among Canadian families significantly aggregated within families. Important factors that parents and children share are food intake and eating behaviour. Perusse et al 27 indicated that familial aggregation was present in energy intake. The home environmental effects may partly account for the family resemblance in energy intake. In another cross-sectional study, Nguyen et al 28 suggested that mothers might contribute to the development of obesity in children by influencing their dietary fat intake. Another environmental factor that parents and children could share is physical activity and sedentary behaviour. There are few studies on that topic, but Simonen et al 29 in the Quebec Family Study showed that physical activity level was indeed characterized by a significant degree of familial resemblance. The pattern of familial correlations they obtained suggested that shared familial environmental factors were as important as genetic factors in accounting for the familial resemblance in physical activity. Some data suggest that the parent-child fatness relationships are stronger with mothers than fathers, and that the mother-offspring relationship strengthens as the child gets older. 12, 22 Indeed, our results suggested a specific effect of mothers in the familial resemblance in subcutaneous adiposity, especially at the end of puberty. Larger correlations with mothers or fathers later in life are suggestive of environmental factors predominantly shared with one or the other parent, and are implicated, respectively, in the subcutaneous fat deposit or troncular distribution of adiposity. However, except for BMI, we did not observe any correlation in the change in adiposity between mothers and children, which could have confirmed this hypothesis. Nevertheless, a remaining effect of prenatal environment could participate in the predominant effect of the global adiposity parameters of mothers. 30 Our results also suggest a specific role of fathers in the troncular distribution of adiposity, but these results remain difficult to interpret.
Conclusion
In conclusion, our results suggest that an effect of maternal adiposity acts early in life on the adiposity of the child. This maternal effect seems to persist across childhood and to strengthen with puberty, especially for subcutaneous adiposity. Maternal and paternal adiposity seem to have quite distinct effects at two key periods of child's adiposity development such as the prenatal and pubertal periods. 31 
